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Histologic findings in mice with severe combined im-
munodeficiency (SCID) were remarkably uniform, con-
sisting of lymphopenia, a rudimentary thymic medulla
without cortex, relatively empty splenic follicles and
lymph nodes, and undeveloped bronchial and gastroin-
testinal lymphocytic foci. Fluorescence-activated cell sorter
studies revealed a few T cells (apparently nonfunctional)

THERE ARE many distinct human syndromes of im-
mune deficiency. Some are congenital,12 others are nat-
urally acquired,'-3 and still others are iatrogenically
induced.4 Affected individuals show increased suscep-
tibility to infections, often fatal, and may also show a
propensity for the development of lymphoid malig-
nancies.

Given the heterogeneity of immune deficiency syn-
dromes in humans and the limitations imposed on ex-
perimentation, a simple animal model for impaired im-
munity would be advantageous for studying the
relationship between immunity and disease, as well as
lymphoid differentiation of hematopoietic stem cells.
We recently reported such a model in the mouse,5
namely, a mutant in which the differentiation of both
T and B lymphocytes is severely impaired. Mice
homozygous for the mutant gene lack functional T and
B lymphocytes5 6 and consequently show severe com-
bined immunodeficiency (SCID). Hence, we denote the
mutation as scid and affected mice as scid mice. Scid
mice have little or no immunity and readily succumb
to infections by one or more microorganisms (eg,
viruses, bacteria, protozoa, fungi). To ensure survival,
they must be raised in a protected environment free of
pathogenic agents. Even in such an environment scid
mice are prone to premature death, due in part to a high
incidence of spontaneous lymphomas which appear to
arise from thymic T cells.

In our initial report,5 the conspicuous histologic fea-
tures of the scid mouse were illustrated.* The present
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in thymus and spleen; interestingly, these cells seemed
highly disposed to neoplasia, because thymic T-cell lym-
phomas were observed in 41 of 269 mice. No pre-B or
B cells could be identified. Cells of the myeloid lineage
appeared normal. Reconstitution oflymphoid tissues was
achieved after intravenous injection of histocompatible
bone marrow cells. (Am J Pathol 1985, 120:464-477)

report details further cytologic observations and in-
cludes studies on the lymphoid tissues from scid mice
reconstituted with normal bone marrow. Histologic and
serologic cell surface analyses of the spontaneous lym-
phomas in scid mice are also presented.

Materials and Methods

Mice

The scid mutation occurred in the C-B-17 inbred
mouse strain. C-B-17 is a BALB/c strain that carries
the immunoglobulin heavy-chain locus (Igh) of the
C57BL/6Ka mouse strain.7 C-B-17 mice homozygous
and heterozygous for scid are here simply denoted as
scid and scid/+ mice, respectively. C-B-17 (Ighb),
BALB/c (Igha), (B6-C-9 x BALB/c)Fj (Igha) and
scid/+ mice served as normal controls and/or as a
source of normal bone marrow for the reconstitution
of scid mice (B6 C-9 is an Igha congenic partner strain
of C57BL/6').

All mice were produced by specific pathogen-free
(SPF) breeders in the "barrier facility" of this institute.
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Scid mice were housed in microisolator cages (Lab

Products, Maywood, NJ) containing autoclaved food,
water, and bedding; cages were changed in a Class II
type safety cabinet (Bellco Glass, Vineland, NJ).

Cell Transfer for Reconstitution

Scid mice were given intravenous injections of 3-5
x 106 bone marrow cells from normal C-B-17 (Ighb),
BALB/c (Igha), or (B6-C-9 x BALB/c)F1 (Igha) mice.
Recipients underwent necropsy 5-10 months after the
cell transfer. Successful engraftment of donor cells was
apparent from the expression of donor Igha allotype
in all applicable cases. In order to visualize thymic mac-
rophages and evaluate the putative "blood-thymus bar-
rier,"8 reconstituted scid mice and scid/+ controls were
given intravenous injections of 0.2 ml of a 1:10 dilu-
tion of Pelican India Ink in Hanks' balanced salt solu-
tion (HBSS) that had been strained through Nitex (HC-
3-48 mesh) (Teco, Inc., Elmsford, NY).

Fluorescence-Activated Cell Sorter (FACS) Analysis

Approximately 106 cells from thymus, bone marrow,

and spleen of scid and scid/+ mice were incubated with
various antibody preparations for 45 minutes at 4 C
in 0.1 ml of HBSS (without phenol red), supplemented
with 0.1%o bovine serum albumin and 0.1%o NaN3. The
antibody preparations included monoclonal antibod-
ies specific for pre-B and B-cell determinants (rat 2C29
and 6B210 anti-Ly-5 [B220]); monoclonal antibodies"1
reactive with T cells (rat anti-Ly-1 [53.7] and anti-Ly-2
[53.6]); fluorescein isothiocyanate (FITC)-conjugated
rat monoclonal (30-H12) to Thy-1.211; FITC-conjugated
rabbit antiserum to rat Ig; and FITC-conjugated goat
antiserum to mouse IgGl. The last two FITC-conju-
gated antisera were used as second-stage reagents. Cells
were washed twice in HBSS after each incubation, coun-
terstained with 10 Ml of ethidium bromide (100 ,ug/ml)
for 10 minutes at room temperature, and analyzed on

a fluorescence-activated cell sorter (FACS II, Becton-
Dickinson, Mountain View, Calif). Cells were analyzed
on the basis of size and fluorescence. Dead cells, ie, those
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stained with ethidium bromide, were excluded from
analysis.

Histologic Preparations

In the present study 353 mice underwent necropsy,
including 269 scid, 50 scid/+, and 34 CB-17 (+/+)
mice. Tissues were fixed in Carson's 10% neutral for-
mol,12 embedded in methacrylate glycol (JB-4, Poly-
sciences, Inc., Warrington, Pa), and sectioned at 2 , on
a Sorvall JB-4 microtome (DuPont Instruments, New-
town, Conn). They were stained routinely with hematox-
ylin and eosin, and on occasion with Giemsa, periodic
acid-Schiff reagent, Gridley's silver for reticulin, and
Masson's trichrome for connective tissue.

Peripheral blood was tallied in a Coulter counter,
and differential counts were performed manually.

Results

Pathology

Peripheral Blood

Leukopenia was constant in scid mice because of a

paucity of circulating lymphocytes (Table 1). The total
leukocyte count among 34 scid mice varied from 1500
to 4500/cu mm, whereas control mice varied between
4500 and 12,000/cu mm. The small proportion of lym-
phocytes in scid mice (14-317o) was contrasted by a rel-
ative granulocytosis of 66-817o. Conversely, in control
mice, lymphocytes ranged between 78%7o and 97070, and
granulocytes comprised a minor fraction of the total
leukocytes (3-22Oo). Hematocrits were relatively con-

stant in both scid and control mice, varying between
45% and 50%. However, we suspect compensated
hemolytic anemia, because many scid mice showed
marked erythropoietic hyperplasia in their spleens, as

well as hemosiderosis.

Thymus

Scid thymus glands were very small, usually compris-
ing several lobules ranging from 1 x 2 to 2 x 5 mm,
grouped or widely scattered in retrosternal fibroadipose

Table 1-Range of Peripheral Blood Leukocyte and Differential (100-Cell) Counts in Scid and Control Mice

Total leukocytes Neutrophils Eosinophil Lymphocytes Monocytes
Mouset No. of mice (cells/cu mm) (%) (%) (t) (%)

scid 21 1,500-4,500 66-81 0 14-31 2-4
scid/ + 13 4,500-9,700 3-21 0-1 78-97 1-7
C.B-17(+/+) 14 4,300-10,900 2-18 0 78-90 1-4
BALB/c 9 9,400-12,000 6-22 0-2 78-93 0-1

* Not including 13 mice with total leukocyte counts between 1,500 and 2,000/cu mm and too few cells in smears for adequate differential counts.
t Hematocrits were remarkably constant in all four strains, ranging between 45% and 50%; on scan of the smears, platelets also fell within the

rather broad range of normal.
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Figure 1-Comparative histology of scid and scid/ + mice. A- Scid/ + thymus. Appears normal, with a dense lymphocytic cortex and sharply de-
fined corticomedullary junction. (x 80) B-Scid thymus. Completely devoid of cortex, resembling the scid/+ medulla. Cysts (C) are common, as
well as small aggregates of ft. (x 80) C-Scid thymus. Parenchyma formed by acidophilic hyaline stroma loosely sprinkled with several cell types
in varying proportions, epithelial components often forming tufts (e). (x 400) D-Scid thymus. Epithelial cells (e) are readily distinguished by their
larger size and delicate nuclear quality; admixed lymphoid cells (1) are usually larger than adult lymphocytes, while histiocytes (h), fibroblasts (f and
rare plasmacytes (p) can be identified. (x 800) E-Scid/+ spleen. Malpighian follicles (F) fully populated with small lymphocytes; Intervening pulp
contains usual hematopoietic tissue in varying proportions. (x 80) F-Scid spleen. Follicles (F) appear relatively empty. The pulp is filled with active
erythroid, granulocytic, and megakaryocytic components in varying proportions comparable to scid/ + spleen. (x 80) G-Scid spleen. A small follicle
forms fibrous swirl around eccentric arteriole (a), devoid of lymphocytic sheath. (x 400) H-Scid spleen. The periarteriolar zone of the follicle above
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formed by loose connective tissue (containing a rich reticulin network, not shown) sprinkled with histiocytes and fibroblasts, a megakaryocyte in multipo-
lar mitosis can be seen in the upper right portion. (x 800) I-Scid/+ lymph node. Cortex, paracortical zone, and medullary cords are rich in lympho-
cytes. (x 80) J-Scid lymph node. Retains fibrous framework and sinus pattern but is poorly populated. (x 80) K-Scid lymph node. Outer cortex
with marginal sinus containing many macrophages (m). The field is unusually rich in lymphocytes. (x400) L-Scid lymph node. Contrast area in
paracortex with predominance of macrophages (m, with engulfed debris) and fibroblasts. (x 800) M-Scid/+ intestine. Well-developed lymphoid
follicle in submucosa. (x 60) N-Scid intestine. Follicular sites are poorly populated. (x 60) O-Scid/ + bone marrow. Predominance of granulo-
cytes with intermingled red cell precursors and varying numbers of megakaryocytes. (x 650) P-Scid bone marrow. No significant difference from
scid/+ on light microscopy. (x650) Difference demonstrated on FACS profiles (Figure 4). (Panels A, B, E, F, I, J, 0, P reprinted by permission from Nature
1983, 301[5900]: 1-4, courtesy of Macmillan Journals, Ltd.)

Vol. 120 * No. 3



468 CUSTER ET AL

tissue; they were occasionally undetectable grossly and
found only in sections of the thymic site. They were bor-
dered by a thin fibrous capsule enclosing a relatively
homogeneous parenchyma, sometimes containing small
cysts or clusters of fat cells (Figure 1B) and completely
devoid of a lymphocytic cortex or corticomedullary
delineation. A substantial fibrocollagenous stroma was
loosely sprinkled with cells of varying appearance (Fig-
ure 1C); reticulin fibrils formed a delicate background
mesh. The epithelial components were large ovoid cells
with abundant but ill-defined cytoplasm, a vesicular nu-
cleus with a thin sharp membrane, a few tiny chroma-
tin granules, and a small prominent nucleolus (Figure
ID); they frequently grew as dense tufts. The smaller
lymphoid cells with hyperchromatic nuclei and an oc-
casional nucleolus varied in size, while stellate and spin-
dle cells making up the remaining population were
identified as macrophages and fibroblasts, respectively,
the former often containing nuclear debris. Among the
mice, the proportions of the several cell types varied
considerably. Lymphatic and blood vascular channels
were rather sparsely distributed. In general, the scid thy-
mus resembled the normal thymic medulla, but with
fewer lymphocytic components.

Spleen
The spleens of scid mice varied greatly in size, the

smallest measuring 1 x 2 x 10 mm, the largest 5 x
8 x 35 mm; follicles were never grossly visible in the
homogeneous dark red to reddish gray pulp. One of
the most notable histologic features of the spleen lay
in the malpighian follicles, which, through a scanning
objective, appeared empty in contrast to the
hematopoietic red pulp (Figure IF). Follicles varied
markedly in diameter, large ones being shown in Fig-
ure IF, a small one in Figure 1G. They contained few
lymphoid cells, being populated largely by varying
proportions of fibroblasts and macrophages along with
occasional plasmacytes (Figure 1H). Fine reticulin fibrils
enmeshed the follicles (not shown), whereas they were
inconspicuous among the interfollicular hematopoietic
tissue. The latter represented a highly reactive compo-
nent, which is hardly surprising, since myeloid differen-
tiation is not impaired in scid mice.56 In the event of
pyogenic infections, the spleen was often two to three
times normal size, with the pulp converted almost en-
tirely to granulocytes of striking immaturity, usually
associated with marked megakaryocytosis; the defec-
tive follicles were sometimes obscured. Scid mice with
presumed anemia presented large spleens almost com-
pletely occupied by nucleated red cells alone or as-
sociated with granulopoiesis and/or megakaryocytosis.
Intravenous injection of particulate matter disclosed
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Figure 2-FACS analysis for Thy-1.2+ and 6B2+ (positive with 6B2 anti-
Ly-5 [B2201) cells in spleens of scid and scid/+ mice, demonstrating T-
and B-cell deficiency in the scid mouse. Each histogram of scid mouse
(dotted tracing) is superimposed on that of the scid/ + (solid tracing). Chan-
nel numbers less than 1.5 correspond to background fluorescence. (x axis
= log intensity of fluorescence; y axis = number of cells)

cells of monocyte/macrophage type, richly in the red
pulp, sparsely within the follicles.

Lymph Nodes
Nodes were tiny in scid mice and generally found in

their usual sites as firm shotty nodules embedded in
adipose tissue. Most were identifiable histologically
through retention of their basic stromal structure and
sinus pattern (Figure IJ). Their population varied
greatly in number and proportion of cell types (Figure
1K and L). Lymphoid cells were generally sparse, with
macrophages usually prominent in sinuses and medul-
lary cords, while fibroblasts were often active and oc-
casionally converted the node into a fibrocollagenous
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Figure 3-FACS analysis for Thy-1.2+ cells in thymus and 2C2+ (positive
with 2C2 anti-Ly-5 [B2201 cells in bone marrow of scid and scid/+ mice,
furnishing evidence for T cells but not for pre-B cells in the scid mouse.
Each histogram of scid mouse (dotted tracing) is superimposed on that
of the scid/ + (solid tracing). Channel numbers less than 200 indicate back-
ground. (x = intensity of fluorescence; y axis = number of cells)

nodule. In a few instances plasmacytosis was prominent,
and in two cases, even Russell bodies were found. Retic-
ulin fibrils were sparse and ill defined.

Bone Marrow

Sections of marrow from scid mice were not detecta-
bly different from those of control mice (Figure 10 and
P). In each, granulocytes predominated, with clusters
of erythrocytic precursors scattered irregularly and
megakaryocytes varying from few to many. A relative
increase in erythroid components usually accompanied
splenic erythropoietic hyperactivity. Neither scid nor

control mice showed the lymphocytic aggregates fre-
quently seen in human marrow.

b. marrow

0 200 400 600
CHANNEL NUMBER

Figure 4-Comparison of FACS cell size profiles for thymus and bone mar-
row, respectively, of scid and scid/+ mice, indicating a disproportionate
loss of small cell populations in the scid mouse. Each histogram of scid
mouse (dotted tracing) is superimposed on that of the scid/ + (solid trac-
ing). (x axis = forward light scatter; y axis = number of cells)

Other Lymphatic Sites

Peyer's patches and solitary follicles of the intestinal
tract were practically nonexistent in scid mice (Figure
IN), as were submucosal lymphoid aggregates in the
tracheobronchial tree.

FACS Analysis

Lymphoid tissues of more than 30 scid mice were ana-

lyzed with an FACS, along with counterparts from
scid/+ mice, with the use of different monoclonal an-

tibodies reactive with pre-B cells and B cells or T cells.
Cells of the B lineage were not detectable in spleen or
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marrow. However, putative T cells were routinely found;
ie, in most scid mice > 60% of thymocytes and 5-25%qo
of splenocytes were Thy-1.2+. As the thymus and spleen
of scid mice generally yielded less than 0.7 x 106 and
20 x 106, respectively, these percentages actually rep-
resent relatively few T cells. Moreover, such T cells are

presumably nonfunctional, as no T-cell activity has as

yet been demonstrated in scid mice.5'6 Some of the above
FACS results were summarized in our earlier publi-
cation.5

Here we show representative FACS profiles of the
lymphocytic deficiency in thymic, splenic, and marrow
cells of scid mice (Figures 2 and 3). Histograms of the
intensity of fluorescence for scid and scid/+ cells are

superimposed. Few Thy-1.2 and no B cells are detected
in scid splenocytes (Figure 2). Moreover, scid bone mar-

row lacks detectable pre-B cells (Figure 3). Thymocytes
of both scid and scid/+ show an equally broad distri-
bution for the density of Thy-1.2 determinants (Fig-
ure 3).
FACS analysis also clearly demonstrated striking

differences in the size distributions of cells from lym-
phoid tissues of scid and scid/+ mice. Representative
histograms of cell number versus cell size are shown
in Figure 4. Histograms for scid thymocytes were rela-
tively broad; they lacked the uniform, sharp peak char-
acteristic of those from scid/+ mice. Clearly, large
thymocytes comprised a greater proportion of the to-
tal thymic population in scid than in scid/+ mice. With
respect to bone marrow, cell size distributions were

unimodal for scid and bimodal for scid/+ mice. Ap-
parently, one or more distinct population(s) of small
cells present in the bone marrow of scid/+ mice is miss-
ing in scid mice.

Reconstitution

Eight scid mice which had been injected 5-10 months
earlier with histocompatible bone marrow cells of C-B-

17, BALB/c, or (B6'C-9 x BALB/c)F1 mice were ex-

amined for lymphoid reconstitution. Two were fully
reconstituted and were indistinguishable from control
C'B-17 mice. Reconstitution was variable and incom-
plete in the remaining six mice (Table 2). Neoplasia did
not occur in any. Neither the source or numbers of in-
jected cells nor the elapsed time between graft and
necropsy appeared to influence the result. Specifically,
the tissue changes were as follows.

Thymus

In the two fully reconstituted scid mice, the cortex
was of normal breadth and penetrated by trabeculate
incursions of the fibrous capsule, creating a scalloped
margin. The corticomedullary border was distinct (Fig-
ure SA). Maturation of lymphocytes within the cortex
was clearly defined; in the immediate subcapsular zone
they were large, with vesicular nuclei and prominent
nucleoli, frequently mitotic and loosely arranged (Fig-
ure SB). Cells of the cortical midzone were smaller,
rounded, uniform in size and closely packed (Figure
5C). Toward the medulla they were still smaller and
tightly arranged (Figure SD). From here the cortical
lymphocytes appeared to migrate among the medullary
epithelial and supportive components and could be
found within the lumens of blood and lymph channels
where they appeared fully mature (Figures 5E and F).
Carbon particles were injected intravenously into 6
reconstituted scid mice and 3 scid/+ controls to evalu-
ate the "blood-thymus barrier."8 Particles were found
in macrophages of the medulla, but not in the cortex.

Lymph Nodes

The cortex and paracortex of the nodes were com-

pletely restored, germinal centers appearing in the nodal
cortex in 2 mice (Figure 5G). In a node of 1 scid mouse
about half of the parenchyma was densely lymphocytic,
while the remainder had been converted into pure bone
marrow (Figure SH).

Table 2-Reconstitution of Scid Mice by Intravenous Transfer of Histocompatible Bone Marrow

Graft to
necropsy Lymphocytosis

Donor No. of cells (weeks) Thymus Spleen Nodes Gut Lung

BALB/c 5 x 106 24 4+ 4+ 4+* 4+ 4+
C.B-17 3 x 106 42 4+ 4+ 4+ 4+ 2+
BALB/c 1.5 x 106 40 3+ 3+ t 2+ 1+
C.B.-17 3 x 106 23 3+ 3+ 3+* 4+ 1+
C.B.-17 3 x 106 23 2+ 3+ 2+ 2+ 0
C.B.-17 3 x 106 40 1+ 1+ 3+ 1+
(B6.C9 x BALB/C)F, 3 x 106 40 1+ 2+ 1+ t 1+
BALB/c 3 x 106 42 1+ 1+ 1+ t t

* Nodal cortices contained germinal centers.
t Nodes grossly enlarged; no sections.
t No sections.
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Figure 5-Reconstitution of scid mouse by intravenous injection of bone marrow suspension (3 x 10) from conventional C.B-17 mouse (graft to necrop-
sy, 42 weeks). A-Thymus. Normally structured with clearly marginated corticomedullary junction (x 60). (Lowercase white letters indicate sites of
panels B, C, D, E, and F below). B-Thymus. Subcapsular cortex with loosely arranged large lymphoid cells, mitotically active and appearing imma-
ture (pre-T cells). (x 800) C-Thymus. Midcortex with smaller and more uniform lymphoid cells closely arranged. (x 800) D-Thymus. Inner cor-
tex with still smaller and more evidently mature cells. (x 800) E-Thymus. Lymphatic channel (1) in immediately subjacent medulla distended with
virtually mature lymphocytes. (x 800) F-Thymus. Medulla populated by an admixture of epithelial cells and lymphocytes. (x 800) G-Lymph
node. B and T-cell zones fully populated, with germinal centers evident in cortex. (x 100) H -Lymph node. Half of a node in this mouse was populat-
ed with lymphocytes as in panel G; the other half (shown here) was converted to bone marrow with full complement of erythroid, granulocytic and megakaryo-
cytic components. (x 400) I-Spleen. A malpighian follicle appears normal. (x 250) J-Cecum. Large solitary lymphoid follicle restored, along
with Peyers patches in duodenum (not shown). (x 100)
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Spleen
Follicles of the spleen contained a normal lympho-

cytic population, appearing to emanate from the peri-
arteriolar sheath and often pushing the original fibro-
blastic component into a pseudocapsular margin
(Figure 5I). The new follicles varied considerably in size,
and faint outlines of germinal centers could occasion-
ally be distinguished.

Other Lymphatic Sites
Peyer's patches and solitary follicles of the intestinal

tract returned more or less completely (Figure 5J), as
did the small lymphocytic aggregates in the respiratory
submucosa.

Neoplasia

Spontaneous T-Cell Lymphomas
The incidence of a nonleukemic, poorly differentiated

malignant lymphoma was strikingly high in scid mice.
As shown in Table 2, spontaneous lymphomas were de-
tected in 41 of 269 necropsied mice (no such tumors
have been observed in normal CB-17 mice). Lympho-
mas were found in scid mice of all ages, with males ap-
pearing slightly more disposed than females (ratio, 3:2).
All scid lymphomas tested thus far by FACS analysis
have been typed as Thy-1.2+ (data summarized in Table
3). Three lymphomas examined for Ly-I and Ly-2 were
found to be positive for both markers. None was found
to express B-cell markers (Ly-5 [B2201).
The spontaneous tumors were transmissible to

histocompatible recipients by injection of cultured cell
suspensions or direct implants of fragments; we have
carried them through five generations.

Scid lymphomas formed diffuse homogeneous sheets
of fairly uniform blast cells with a narrow rim of
basophilic cytoplasm and a vesicular nucleus having a
sharp membrane, fine to coarse chromatin granules, and
one or more large nucleoli (Figure 6A); mitotic activity
was marked. Stroma was absent except for a sparse deli-
cate fibrillar skein that had no intimacy with the cells.
The thymic origin of the lymphomas was indisputa-

ble. Not only were tumors found solely within the lobes
and lobules of the gland in 18 of the 41 cases (Table
2), but in 4 cases completely uninvolved lobes of typi-
cal scid thymus lay adjacent to neoplastic lobes (Fig-
ure 6B); further, in the latter, the tumor cells were
slightly smaller and more compact than in the dis-
seminating growths, and occasional residual epithelial
cells could be distinguished in the background. Again,
in 3 other cases the "ghost" outline of a thymic lobe
was found within a locally invasive retrosternal mass
(Figure 6C). Lung involvement took place along
peribronchial and perivascular lymphatic channels (Fig-

Table 3-Detection of Spontaneous Lymphomas in 41 of
269 Scid Mice That Underwent Necropsy

Number of mice
Extent of tumor Male Female Age (weeks)
Thymus only 13 5 10-65
Locally invasive 1 2 16-60
Thymus + nodes 1 0 34
Thymus + nodes 2 0 32-56

+ splenic follicles
Disseminated 8 9 20-60

Total 25 16

ure 6D). Metastasis to mediastinal, cervical, and in-
traabdominal lymph nodes was seen in 1 case, while
in 2 others nodal extension was supplemented by early
neoplastic change in the previously "empty" splenic fol-
licles (Figure 6E). In the other 17 cases the tumor was
disseminated to the lung, lymph nodes, spleen, liver,
and kidneys, occasionally involving the genitalia of fe-
males. The splenic pattern was rather consistent, the
tumor seeming to emanate from follicles, spreading
through the red pulp to coalesce and replace the entire
parenchyma. Extension to the liver likewise followed
a uniform course, both with spontaneous and trans-
planted tumors, to form dense periportal aggregates
with extensive filamentous permeation of sinusoids
throughout the lobules (Figure 6F). The bone marrow
was involved in only 1 case, and even here considerable
amount of hematopoietic tissue persisted.
One rather bizarre case was encountered, a spongy

thymic tumor 5 mm in diameter in a 52-week-old scid
mouse with lymphnodal and splenic enlargement. The
thymic tumor formed a multitude of intercommunicat-
ing capillary to cavernous spaces (Figure 7A) lined,
respectively, by delicate spindle cells with nuclei of vary-
ing size and hyperchromatism (Figure 7B) to bulky pleo-
morphic, frequently multinucleated forms that tended
to exfoliate into the lumens (Figure 7C). The spleen was
large by virtue of hematopoietic hyperplasia, but the
widely spaced follicles were converted to the typical T-
cell lymphoma previously described. The lymph nodes
were populated by densely packed round cells (Figure
7D) with vesicular nuclei having a thin sharp membrane
and one or two prominent nucleoli; mitoses were fre-
quent (Figure 7E). The tumor cells resembled histio-
cytes rather than those of the conventional T-cell type
found in the spleen (Figures 7F and G). This may well
be an example of multiple phenotypic expressions of
lymphoreticular neoplasia as encountered in humans. 13

Nonlymphomatous Tumors
Only four neoplasms other than the T-cell lympho-

mas were encountered in 269 scid mice that underwent
necropsy. TWo were papillary adenocarcinomas of the
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Figure 7-Composite neoplasia in an scid mouse. A-Thymus. Tumor composed of capillary to cavernous vessels lined respectively by delicate
spindled cells (B) and large bizarre cells (C), classified as a lymphangioendothelioma. (A x80; B and C, x 1250) D-Lymph node. All nodes exam-
ined are regarded as histiocytic lymphoma. (x 100) E-Nodal tumors show cytologic variance from scid T-cell lymphoma by virtue of smooth delicate
nuclei. (x 800) F-Spleen with follicles replaced by lymphoma. (x 100) G-Cells of splenic tumor conform morphologically to those of classic
scid T-cell lymphoma, nuclei being coarsely hyperchromatic. (x 800)
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lung, one well differentiated, the other poorly so, a type
of tumor commonly found in BALB/c and closely
related strains. The other two tumors were adeno-
carcinomas, one arising in the breast, the other in the
endometrium.

Discussion

Pathology

The histologic abnormalities in scid mice were strik-
ingly uniform, consistent with the fact that all scid mice
share the same genetic defect. Lymphopenia, a rudimen-
tary thymic medulla, relatively empty splenic follicles
and lymph nodes, and undeveloped bronchial and gas-
trointestinal lymphoctyic foci were characteristic. The
lymphoid cells sparsely scattered in these sites varied
in size, often appearing immature. FACS studies re-
vealed T cells in thymus and spleen. Conventional pre-
B and B cells could not be identified in any tissue ex-
amined, although a few mice showed variable numbers
of plasma cells which correlated well with the detec-
tion of serum immunoglobulin (unpublished results).
Except for the apparent deletion of one or more small
cell population(s) (Figure 4), the bone marrow was mor-
phologically indistinguishable from that of normal
mice; cells of the myeloid lineage appeared normal and
remained reactive throughout life. Concomitant lesions
were generally related to infection or neoplasia.
Human patients with SCID also show lymphopenia

and severe hypoplasia or dysplasia of lymphoid tis-
sues. 12,14-18 Although different patterns of thymic dys-
plasia,19'20 variable numbers of B lymphocytes,2021 and
absence or presence of serum immunoglobulin14'18.22,23
have been noted from case to case, such differences are
not surprising, because the human SCID syndrome is
known to result from different genetic lesions.2'24 25

Because the histologic abnormalities of SCID are so
similar in both species, the scid mouse would seem to
be a simple and useful model for human SCID. The
only other animal model for SCID of which we are
aware was reported by McGuire et al in Arabian foals.26
Affected foals show a lymphocytic deficit in thymus,
lymph nodes, and spleen and die of infection within
a few months after birth. SCID infants suffer the same
fate and invariably die before 2 years of life. Most scid
mice (> 60070), on the contrary, by virtue of their SPF
environment, show a life span of 40-80 weeks (unpub-
lished data), which is about three-fourths of the normal.

Reconstitution

In earlier reports we showed that scid mice could be
reconsituted with lymphocytes derived from normal

syngeneic bone marrow,5 and that both T- and B-cell
function could be demonstrated in reconstituted scid
mice.6 As indicated in this study, thymic and extrathymic
lymphoid sites were partially to completely restored in
reconstituted scid mice. Some tissues may have been
"seeded" with only one or two progenitor cells already
committed to either the myeloid or the lymphoid path-
way.27 This might explain the striking dichotomy in one
reconstituted lymph node (Figures 5G and H), half of
which appeared as bone marrow the other as a normal
lymph node.

Because thymic dysplasia is the pathologic hallmark
of SCID, the reconstitution of the scid thymus is of par-
ticular interest. Whereas the scid thymus consisted of
only a rudimentary medulla, the reconstituted thymus
showed a prominent lymphoid cortex and corticomed-
ullary junction. Proceeding from capsule to medulla,
the character and arrangement of lymphoid cells
changed from immature, mitotically active, and loosely
arranged to more mature, uniform, and closely arranged
cells (Figure 5). Such a morphologic gradient is consis-
tent with previous descriptions of the maturation pro-
cess of thymic T cells28' 31 We conclude the scid thymus
is a normal developmental structure which provides an
adequate environment for thymocytic maturation but
lacks functional T-cell precursors.
The so-called "blood-thymus barrier" allows blood-

borne macromolecules to reach the medulla but pre-
vents them from leaving the cortical capillary network.
This barrier consists of a tight endothelial-macrophage
system demonstrated by the elegant electron-micro-
scopic studies of Raviola and Karnovsky8 in the rat.
Restoration of this barrier in the reconstituted scid thy-
mus was indicated by demonstration of injected car-
bon particles in macrophages of the medulla and their
absence in the newly formed cortex.

Neoplasia

The incidence of lymphoma in scid mice was strik-
ingly high, occurring in 41 of 269 animals that under-
went necropsy (15 0o) as opposed to 4 tumors of other
types, all epithelial (l.5%o). The lymphomas arose in
the thymus, and the early intrathymic tumors appeared
at all ages (10-65 weeks) (Table 3). Eight tumors were
serotyped, all being identified as T-cell lymphomas
(Table 4); the morphologic characters of all 41 were iden-
tical. Because T-cell lymphomas are rarely, if ever, ob-
served in normal C-B-17 and BALB/c mice, their fre-
quent occurrence in scid mice must be a direct or
indirect consequence of the scid mutation.

Contrasting with the above, SCID infants and chil-
dren seem disposed to develop B-cell lymphomas,32 es-
pecially after treatment with thymic factors or grafts33
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Table 4-Serotype Analysis of Spontaneous scid Lymphomas

B-cell markers T-cell markers
Tumor 1g Lyb 8.2 Ly-5 (B220) Thy-1.2 Ly-1 Ly-2

12 - - - + + +
21 - +
28 - +
56 - - _ + + +

74 - - +
366 - - +
825 - +
1017 - + + +

(interestingly, no lymphomas have been reported in
SCID infants implanted with normal bone marrow34).
These B-cell lymphomas in SCID infants may result
from Epstein-Barr virus (EBV) infection (personal
communication, Dr. Fred Rosen), as appears to be the
case in patients with so-called X-linked lymphoprolifer-
ative syndrome. The latter syndrome is characterized
by acquired agammaglobulinemia, serious or fatal in-
fectious mononucleosis, or malignant B-cell lym-
phoma.35'36 Affected patients are presumably unable to
mount a specific immune response to EBV.

It is important to note that in some immune disorders,
viruses may be responsible for both the lymphoid
deficiency and malignancy. For example, infection of
cats with feline leukemia retrovirus can lead to both
immunosuppression and T-cell leukemia.37'38 The HTLV
retroviruses may cause similar effects in humans.3940
HTLV III, which has been implicated as the primary
cause of AIDS,39-41 is cytopathic for helper T cells and
is presumably responsible for the depletion of these
cells.3 It may also be responsible for the lymphoreticu-
lar lymphomatous variant, Kaposi's sarcoma, which de-
velops in over one-third of AIDS patients, along with
occasional conventional lymphomas.43
Whether an oncogenic virus or some other trans-

forming genetic element is responsible for the T-cell lym-
phomas in scid mice remains to be determined. Clearly,
thymic T cells are susceptible to neoplasia as a result
of the germline scid mutation. But one or more onco-
genic events in the genome of scid T cells may also be
required which, in the absence of any immune regula-
tion or suppression, lead to T-cell malignancy.
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